Abstract Switchgrass (Panicum virgatum L.) has potential to be a major cellulosic bioenergy crop. Selection for late flowering plants will extend the vegetative growth, likely resulting in larger biomass yields. However, the genetic structure for reproductive maturity in switchgrass is undefined. Accordingly, the major objective of this study was to identify genomic regions associated with reproductive development. Two lowland populations, one consisting of 176 progeny from NL94 (♀) × SL93 (♂) and a first-generation self-fertilized population of 265 progeny from NL94, were field established in a randomized complete block design with three replications at two Oklahoma locations in 2011. Phenotypic data of reproductive maturity in the populations were collected in 2012 and 2013. Significant genetic variation for reproductive maturity was observed within the two populations. Broad-sense heritabilities were 0.46 to 0.77 and 0.28 to 0.74 for the hybrid and selfed populations, respectively. A linkage map with 178 simple sequence repeat (SSR) markers of the hybrid population constructed in this study and a pre-existing linkage map of 439 SSR markers in the selfed population were used for quantitative trait loci (QTL) characterization. QTL analyses revealed that reproductive maturity was controlled by multiple genomic regions. The QTL regions between nfsg-125 and PVE-781/782 on linkage group (LG) 2b, between PVGA-1727/ 1728 and PVGA-1201/1202 on LG 3b, and between PVCA G-2503/2504 and PVAAG-3253/3254 on LG 7a were associated with reproductive maturity in both populations. The markers linked to the significant QTL could be used to accelerate the development of switchgrass germplasm with later flowering to increase biomass yield.
Introduction
Switchgrass is a predominant tallgrass species of the North America prairies [1, 2] . Multiple merits of switchgrass make it a highly suitable herbaceous candidate for cellulosic feedstock production, including high biomass yield potential, adaptation to marginal lands, strong stress resistance, minimal requirement of agronomic inputs, stand longevity, and ease of management [3] . Switchgrass is classified into two ecotypes: lowland and upland based on morphological differences and habitat preference [4] . In the southern Great Plains, lowland switchgrass has a higher biomass yield potential than upland ecotypes [5] [6] [7] [8] . Therefore, breeding programs in the region have targeted improving germplasm and developing superior cultivars of lowland switchgrass [9] .
Currently, a major breeding goal for switchgrass as a cellulosic bioenergy crop is focused on improving biomass yield [10] . Larger yields of switchgrass may result from plants that have a longer vegetative growth phase resulting from later Electronic supplementary material The online version of this article (doi:10.1007/s12155-015-9651-9) contains supplementary material, which is available to authorized users.
reproductive development. Newell [11] reported, in a 4-year field trial at three locations in Nebraska, that late maturing southern switchgrass collections produced higher yields than early maturing northern strains, except in a western site where growing seasons were so short that the southern strains did not reach their full production potential. Talbert et al. [12] reported that maturity was negatively correlated with dry matter yield, although the correlation was weak (−0.33). Sanderson et al. [13] performed two field trials of three lowland and six upland ecotypes at five Texas locations. They reported upland ecotypes that originated in the Midwest matured earlier and produced less biomass than southern lowland accessions, indicating again reproductive maturity was related to biomass yield. In a 2-year field trial at two locations in Wisconsin, Casler [14] found flowering time was a key factor affecting biomass yield that explained 67 % of the variation among hybrids in biomass yield. His study indicated that biomass yield increased by 0.47 Mg ha −1 for each day flowering was delayed.
Reproductive development is a highly heritable trait. In the southern USA, switchgrass plants mature before the end of the growing season. Van Esbroeck et al. [15] proposed that if the duration of vegetative growth was extended through selecting for later flowering, biomass yield could be increased. Their group extended the vegetative growth phase for approximately 2 weeks by selecting for late flowering plants of 'Alamo' switchgrass. Later flowering 'Alamo' plants produced one or two more stem leaves than earlier flowering plants. In most investigations, researchers used heading date and/or flowering time to measure reproductive development in switchgrass populations. Talbert et al. [12] and Van Esbroeck [15] reported there was large genetic variation for flowering time in lowland switchgrass germplasm. Talbert et al. [12] reported high narrow-sense heritabilities (0.91 or above) for switchgrass maturity based on a lowland population of 33 half-sib families. Using 37 lowland half-sib families, Bhandari et al. [16] reported moderate to high (0.58-0.74) narrow-sense heritabilities for heading and flowering time. Bhandari et al. [17] observed heritability estimates for heading date were larger based on full-sib families than on half-sib families, suggesting that dominant gene effects or epistasis likely played an important role. Using upland switchgrass half-sib families, Price and Casler [18] reported high narrow-sense heritability for flowering time. They recommended flowering time be used as an effective secondary trait to estimate biomass yield for within-family selection.
Previous experiments have demonstrated that there was substantial variation in reproductive maturity and that selection for delayed flowering time based on field experiments was effective, but field-based procedures have limitations. Price and Casler [18] correctly indicated that successful field-based selection for late flowering requires large-spaced plant nurseries to assure sufficient variation and a large time commitment to accurately measure flowering date in the field.
If molecular markers were identified to be significantly linked to the genetic variation for reproductive maturity, markerassisted selection could be used as an alternative in the development of late maturing germplasm. Simple sequence repeat (SSR) markers have proven to be highly informative due to their polymorphism and codominant inheritance in tetraploid switchgrass (2n =4x= 36). Complete and relatively highdensity genetic maps have been constructed using SSR markers in switchgrass [19] [20] [21] [22] . To our knowledge, no information is available on association between molecular markers and reproductive maturity in the species. Accordingly, the major objective of this study was to identify genomic regions associated with reproductive maturity in lowland switchgrass.
Methods and Materials Plant Materials
Two mapping populations along with parental genotypes NL94 and SL93 were used. One population consisted of 265 first-generation inbred lines derived from self-fertilization of NL94, and the other had 176 hybrids from a cross between NL94 (♀) and SL93 (♂). The NL94 parent was chosen from the Oklahoma State University (OSU) northern lowland (NL) breeding population in a low-yield environment selection nursery in the summer of 2007. The SL93 parent was chosen from the OSU southern lowland (SL) breeding population at the same time. Detailed information for the parent plants and two progeny populations was described by Liu and Wu [23] . In the summer of 2010, for each member of the two mapping populations and parents, approximately 20 clones were cultivated in individual containers in a greenhouse from ramets or from dormant nodal buds on stems of plants grown in a spaced-plant nursery [24] . 
Phenotypic Evaluation of Reproductive Maturity
To assure the accuracy of phenotyping, an orange ribbon was tied to a main stem of one representative plant among three plants per plot before phenotypic data were collected each year. Typically, the middle plant in each plot was used for measurements unless the researcher's judgment dictated otherwise (i.e., when middle plants were replacement plants smaller than the plants on both sides). Moore et al. [25] developed a phenotyping system for grass populations based on five primary growth stages of individual grass shoots or tillers: germination, vegetative, elongation, reproductive, and seed ripening. The reproductive primary stage was divided into six secondary substages including boot stage, inflorescence emergence, spikelets fully emerged, anther emergence, and post-anthesis. Sanderson [26] developed a detailed index system of 35 separate stages distributed among three major developmental events (leaf, stem, reproductive development) for use with determinate and indeterminate flowering warmseason perennial grasses, which was devised and tested on switchgrass and kleingrass (Panicum coloratum L.). Phenotypic data were collected by the same person based on a numerical system ranging from 1 to 7, and technical details of the phenotyping system are given in Table 1 . The phenotypic scale system was developed according to Moore et al. [25] and Sanderson [26] . Reproductive maturity was evaluated at two time points in August for the nursery at Stillwater and one time at Perkins in 2012 and at two time points for each location in 2013 based on observed morphological variations in the field. The seven datasets were named by location (Stillwater abbreviated as STW and Perkins as PKS) and respective year and date, STW12-1 for the data collected on August 25-26 and STW12-2 on September 8-9, 2012 at Stillwater; PKS12 for the September 8-9 dataset of 2012 at Perkins; STW13-1 and STW13-2 for the respective datasets on August 3-4 and August 17-18 in 2013 at Stillwater; and PKS13-1 and PKS13-2 for the respective datasets collected on August 3-4 and August 17-18 in 2013 at PKS.
SSR Genotyping and Genotypic Data Collection
DNA isolation from fresh leaf tissues was conducted using a CTAB method [27] , with minor modifications made according to Liu and Wu [23] . SSR markers developed by Wang et al. [28] were used to screen for polymorphism using both parents and six randomly selected hybrid progeny. Polymorphic SSRs were used to genotype the parents and 130 randomly selected hybrids derived from the cross between NL94 (♀) × SL93 (♂). The use of 132 individuals for genotyping work was determined by the capacity of the genotype-detecting equipment, LI-COR 4300 DNA Analyzer (LI-COR, Lincoln, NE), which allowed 66 samples to be loaded in each gel. Fluorescence-labeled polymerase chain reaction (PCR) and gel electrophoresis were performed on Biosystems 2720 thermal cyclers (Applied Biosystems, CA) and a LI-COR 4300 DNA Analyzer, respectively. Collectively, 136 progeny individuals were genotyped for genetic and QTL mapping in the hybrid population. PCR chemical recipe, thermal conditions, and cycle numbers followed the standard procedure outlined by Wu and Huang [29] . At the end of the PCR, 5 μl Blue Stop Solution (90 % formamide in bromophenol blue) was added to the DNA sample in each well; the samples were mixed thoroughly, spun down, and run for an extra 3 min at 94°C in the thermal cycler. PCR products of one plate labeled with 700-nm fluorescent dye were mixed with those of the other plate labeled with 800-nm dye. Then, 0.5-0.8 μl of each mixed PCR sample was loaded into each well of a 6.5 % KB plus gel in 1× Tris borate-EDTA buffer and run at a constant 1,500 V for 1.5 h on the LI-COR 4300 DNA Analyzer.
For the hybrid population, the type of segregation may vary across SSR markers. Up to four different alleles may be segregating in the progeny. All the markers were visually scored following the segregation types according to JoinMap 4.0 Manual [30] , and genotypic data were recorded into an Excel spreadsheet according to the data file format described in the manufacturer's manual.
For the selfed population, all the markers were originally coded as <hkxhk> pattern (locus heterozygous in the parent) by Liu et al. [20, 21] . SSR-amplified patterns with only one upper band were scored as Bhh,^with two bands as Bhk,^and a lower band as Bkk.^But selfed population type of an outcrossing species was not available for analysis in JoinMap and MapQTL. Outcross (CP) full-sib family population type was also not feasible in MapQTL, because all the markers segregate as <hkxhk> in either the coupling {00} or repulsion {11} phases in both parents, resulting in singularity errors for QTL analysis [30] . According to the linkage phase information automatically calculated in JoinMap 4, all the markers were recoded following the format of population type F2: phase {00}: hh>a, hk>h, kk>b; phase {11}: hh>b, hk>h, kk>a.
Data Analysis
Linkage analysis was conducted using JoinMap 4.0. The F2 population type was used for the selfed population. Segregation ratios of markers were calculated using chisquare test for goodness-of-fit to the expected ratios. If markers showed severe segregation distortion (P<0.0001), their gel images were scored again. Then, all the markers were assembled into linkage groups at a minimum independence test logarithm of the odds (LOD) score of 7.0. The maximum likelihood (ML) mapping algorithm was used to order the loci within each linkage group (LG). Finally, 439 markers were grouped into 18 LGs. After grouping, map distances were calculated using the Kosambi mapping function [31] . For the hybrid population, the outcross pollinated (CP) full-sib family was used. We constructed an integrated linkage map using the newly implemented multipoint maximum likelihood model [32] . In contrast to the commonly used pseudotestcross approach, which uses markers that are heterozygous in one parent but homozygous in the other and produces two separate maps for each parent, the new method can also incorporate markers that are heterozygous in both parents. As a result, instead of doing QTL analysis on separate maps for each parent with few markers, the integrated map allows analysis using all polymorphic markers at one time, which is presented with labels using Mapchart [33] .
SAS/MEANS was used to calculate mean values and associated standard deviations for phenotypic data collected at error a r e g e n o t y p i c v a r i a n c e , g e n o t y p e -b yenvironmental variance, and error variance, respectively, and e and r are the number of environments and replications per environment, respectively.
Mean values of reproductive maturity ratings for each progeny by location at each rating time were separately used for QTL mapping analysis within the two populations. Then, the combined datasets (STW12-2 and PKS12, STW13-1 and PKS13-1, STW13-2 and PKS13-2) were used for joint QTL analysis. For QTL analysis, at a significant p value of 0.05, LOD threshold was calculated by a 1,000 permutation test. An interval mapping approach was taken for the initial search using a step size of 1 cM; this approach assumes a single QTL is segregating when searching for QTL. Then, the QTL found in the initial search were used as cofactors in a multiple QTL model (MQM) mapping approach using MapQTL 6 [35, 36] . This approach is more powerful and makes no assumption on the number of QTL segregating. The MQM approach was reiterated until the LOD score of no additional loci exceeded the permuted threshold. After QTL detection in the two populations, markers flanking common QTL were genotyped in the whole selfed population to confirm the results.
Results

Phenotypic Data Analysis
Phenotype distributions of reproductive maturity data at seven rating times are shown for the hybrid population in Fig. 1 and selfed population in Fig. 2 . Means and standard deviations of reproductive maturity ratings in the two parents and the two mapping populations are given in Table 2 . There was substantial variation in reproductive maturity within the two populations ( Table 2 ). The ANOVA indicated that phenotypic variation of reproductive maturity rating within the two populations was consistently affected by plant genotype as well as the location except for the selfed population on August 17-18, 2013. There was also a significant plant by location interaction affecting the expression of reproductive maturity (Table 3 ). Variance components are presented by population and location for each combined dataset (Table 4) . Broad sense heritabilities of reproductive maturity ranged from 0.46 to 0.77 and 0.28 to 0.74 for the hybrid population and selfed population, respectively.
Linkage Analysis for the Hybrid Population
One hundred and seventy-eight polymorphic SSR markers were genotyped to generate a linkage map for the hybrid population (Fig. 3) , of which four markers segregated in a 3:1 ratio (hkxhk type markers), while the others segregated in a 1:1 ratio (lmxll or nnxnp type) or 1:2:1 ratio (hkxhk type) or 1:1:1:1 ratio (efxeg or abxcd type) ( Table 5 ). The number of loci per LG varied from 3 (LG 7b and 8a) to 22 (LG 3b). The total length of the map was 1,080 cM, and the average distance between two adjacent markers was 6.7 cM. Sixteen gaps were found with a distance >15 cM that may not be suitable for QTL analysis and marker-assisted application [37] . The
LGs were named according to the previous maps by Okada et al. [19] . However, compared with the high-density linkage map of the selfed population [21] , LG 4a and 4b merged into one group in the hybrid population that resulted in a total of 17
LGs.
QTL Detection and Their Effects
For the selfed population, the MQM analysis identified six QTL affecting reproductive maturity (Table 6 ), dispersed on LGs 2b, 3b, 7a, and 9a and each explained 4.9-22.3 % of the phenotypic variation. Among these QTL, one between PVCA-917/918 and PVE-775/776 located on LG 2b consistently affects reproductive maturity in four datasets, explaining 11.0-22.3 % of the variation. This QTL explained 14.4-14.5 % of the variation in the QTL analyses of two combined datasets. One QTL between markers SWW-583 and PVCA-173/174 on LG 2b was associated with the The MQM analysis identified 14 QTL on LGs 1a, 2b, 3a, 3b, 7a, 8b, and 9a in the hybrid population (Table 7) , of which each explained 5.2-18.5 % of the phenotypic variance. Among the QTL, five LOD peaks in the same interval (PVGA1201/1202 and PVE-987/988) on LG 3b had effects on reproductive maturity in three single datasets (STW12-1, STW13-2, and PKS12) and two combined datasets (STW12-2 and PKS12 and STW13-1 and PKS13-1), explaining 7.2-13.0 % of the variation. Three peaks between PVGA-1983/ 1984 and SWW-1761 on LG 3b explained 11.6-14.5 % of the variation in two single datasets (PKS13-1 and PKS13-2) and one combined dataset (STW13-2 and PKS13-2). One peak between SWW-1761 and SWW-2922 on LG 3b accounted for 9.9 % of the variation in a single dataset STW13-1. These peaks on LG 3b were mapped to a region of 10.7 cM between PVGA1201/02 and sww-1761. Two genomic regions between nfsg-125 and PVE-781/782 and between PVE-1411/1412 and SWW-1622 identified on LG 2b explained 7.0-9.9 % in two single datasets (STW13-1 and PKS13-1) and their combined dataset and 9.7-10.6 % of the variation in one single dataset (PKS13-2) and one combined dataset (STW13-2 and PKS13-2), respectively. The QTL between PVGA-2139/2140 and SWW-348 and between PVCA Fig. 3 (continued) G-2503/2504 and PVAAG-3253/3254 on LG 7a accounted for 5.2-11.3 % of the variation in two single datasets (STW13-1 and PKS13-1) and their combined dataset and 9.4-10.9 % of the variation in one single dataset (STW13-2) and one combined dataset (STW13-2 and PKS13-2), respectively. The QTL regions between PVGA-1275/1276 and nfsg-112 and between PVGA-2005/2006 and PVGA-1149/1150 on LG 8b were identified to account for 7.4-8.2 and 9.5-11.2 % of the phenotypic variance, respectively. The genomic regions on LG 1a between PVE-1361/1362 and PVGA-2107/ 2108 in a single dataset (STW13-1) , between PVGA-1253/ 1254 and SWW-606 in a combined dataset (STW13-2 and PKS13-2), and between SWW-606 and PVE-1361-1362 in a combined dataset (STW13-1 and PKS13-1) accounted for 8.7, 9.5, and 6.5 % of the variation, respectively. The QTL between PVGA-1513/1514 and PVCAG-2517/2518 on LG 9a explained 9.2-18.5 % of the variation in datasets PKS12 and STW12-1 and PKS12. The marker interval between PVAAG-3315/3316 and PVCA-55/56 on LG 3a was identified to account for 8.5-13.3 % of the variation in both single (PKS13-2) and combined (STW13-2 and PKS13-2) analyses.
The QTL between nfsg-125 and PVE-781/782 (a similar region between PVCA-917/918-PVE-775/776 in the selfed population) on LG 2b, between PVGA-1727/1728 and PVGA-1201/1202 on LG 3b, and between PVCAG-2503/ 2504 and PVAAG-3253/3254 on LG 7a were consistently associated with reproductive maturity in both populations. Markers flanking these major QTL regions were then genotyped in the remaining 127 progeny of the selfed population, resulting in phenotypic and genotypic data for the whole population of 265 progeny. The QTL mapping using genotypic and phenotypic data for the whole population of 265 progeny validated our previous results with higher LOD values. These common QTL are presented in Fig. 4 .
Discussion
Reproductive maturity is a key developmental process related to biomass yield in switchgrass. Studies on other crops like wheat (Triticum aestivum L.), maize (Zea mays L.), rice (Oryza sativa L.), and cotton (Gossypium hirsutum L.)
indicated that timing to maturity had significant associations with biomass yield and other related traits [38] [39] [40] [41] . Experimental reports for switchgrass repeatedly found that late flowering was related to higher biomass yields [13, 14] . The present research goal was to identify genomic regions associated with reproductive development in lowland switchgrass. Our study clearly identified that reproductive maturity of lowland switchgrass was controlled by multiple genetic loci and was also substantially affected by environmental conditions (i.e., location and year). This study presents the first report describing switchgrass genomic regions related to reproductive maturity and development. Our findings on heritabilities for reproductive maturity are essentially in agreement with the results reported by Bhandari et al. [16] and Price and Casler [18] . Linkage analysis in this study established 17 LGs for the hybrid population, while 18 LGs were previously reported in genetic maps of the selfed population [20, 21] . The LGs 4a and 4b merged into a single group in our linkage map. We carefully checked the genotypic data of the hybrid population but did not find scoring errors related to the merge of these two linkage groups. Otherwise, a high collinearity between the hybrid population map and the published selfed population maps was observed, except for inversions in marker order between the two maps. Local rearrangements are common in plant genome mapping due to scoring/mapping errors rather than genomic rearrangements [42] . In addition, compared with the established linkage map of the selfed population [21] , four markers were mapped to their homeologous linkage groups: PVGA-1353/1354 from LG 1b to 1a, SWW-2545 from 2b to 2a, SWW-323 from 3a to 3b, and SWW-1573 from 6a to 6b in the hybrid population map.
In the separate analysis, we identified six QTL affecting reproductive maturity on LGs 2b, 3b, 7a, and 9a in the selfed population, while the joint analysis using combined datasets further confirmed the four QTL on LGs 2b, 3b, 7a, and 9a and identified a new QTL between PVCA-631/632 and PVGA-2059/2060 on LG 3b. In the hybrid population, the separate analysis identified 12 QTL on LGs 1a, 2b, 3a, 3b, 7a, 8b, and 9a, while the joint analysis re-discovered 10 of the 12 QTL. However, the QTL between SWW-1761 and SWW-2922 on
LG 3b previously identified using dataset STW13-1 was not re-discovered in the joint analysis. The QTL identified on LG 1a were also different between the separate and joint analysis in terms of LOD peak and flanking markers.
It is not unexpected that QTL would differ between years and locations for a number of reasons: (i) The weather was drastically different between the 2 years. According to weather monitoring data of Oklahoma Mesonet (https://www. mesonet.org/), a severe drought occurred during June and July 2012 with monthly precipitation of 20.8 and 0.508 mm, respectively, while monthly precipitation in June and July in 2013 reached 105.7 and 242. 8 mm.
(ii) The two locations had different environment conditions in terms of soil type. Soil types were Kirkland silt loam and Teller fine sandy loam in the Stillwater and Perkins field, respectively. (iii) Maturity stage of plants in the 2 years and two locations could be different due to establishment effect, which might be caused by uneven splitting of rhizomes, differences in greenhouse and field microenvironments prior to transplanting, and variable health of the clone replicates.
The results of this study indicated that common QTL between PVGA-1727/1728 and PVE-987/988 on LG 3b, between nfsg-125 and PVE-781/782 of the hybrid population (the similar region between PVCA-917/918 and PVE-775/ 776 of the selfed population) on LG 2b, and between PVCA G-2503/2504 and PVAAG-3253/3254 on LG 7a identified in Fig. 4 LOD profiles of three major common QTL identified on linkage groups 2b, 3b, and 7a in the selfed population. Horizontal line indicates the 95 % significant threshold value for declaring a QTL both populations were associated with reproductive maturity in switchgrass. Compared with the QTL revealed in the selfed population, additional QTL regions located on LG 1a, 2b, 8b, and 9a were identified in the hybrid population. The extra genomic regions identified in the hybrid population were due to parental genetic basis difference, since SL93 (♂) in the hybrid population provided one additional source of genetic variation compared with that of the selfed population, which was derived from one single parent NL94 (♀). These identified genomic locations and linked SSR markers advanced our knowledge on the reproductive development in lowland switchgrass, which would facilitate further isolation of genes controlling reproductive maturity, and could eventually expedite the application of marker-assisted selection (MAS) in switchgrass breeding programs.
